This review summarizes aspects of the extensive literature on the patterns and processes underpinning chromosomal evolution in vertebrates and especially placental mammals. It highlights the growing synergy between molecular cytogenetics and comparative genomics, particularly with respect to fully or partially sequenced genomes, and provides novel insights into changes in chromosome number and structure across deep division of the vertebrate tree of life. The examination of basal numbers in the deeper branches of the vertebrate tree suggest a haploid (n) chromosome number of 10-13 in an ancestral vertebrate, with modest increases in tetrapods and amniotes most probably by chromosomal fissioning. Information drawn largely from cross-species chromosome painting in the data-dense Placentalia permits the confident reconstruction of an ancestral karyotype comprising n¼23 chromosomes that is similarly retained in Boreoeutheria. Using in silico genome-wide scans that include the newly released frog genome we show that of the nine ancient syntenies detected in conserved karyotypes of extant placentals (thought likely to reflect the structure of ancestral chromosomes), the human syntenic segmental associations 3p/21, 4pq/8p, 7a/16p, 14/15, 12qt/22q and 12pq/22qt predate the divergence of tetrapods. These findings underscore the enhanced quality of ancestral reconstructions based on the integrative molecular cytogenetic and comparative genomic approaches that collectively highlight a pattern of conserved syntenic associations that extends back B360 million years ago.
INTRODUCTION
How genomes are organized and which types of chromosomal rearrangements are implicated in speciation and macroevolutionary events are fundamental to understanding the dynamics of chromosomal evolution. Molecular cytogenetic data and the increasing availability of partially or fully sequenced genomes from a variety of vertebrate species have fueled advances in phylogenomics (phylogenetic reconstructions using genomic data). This has lead to hypothesized ancestral chromosome numbers, karyotypes and the identification of conserved chromosomal syntenies and segmental associations at different taxonomic levels.
Chromosome number variation has traditionally been considered a proxy for the structural modification of karyotypes, especially so in groups of organisms where detailed information such as the differential staining of chromosomes, the extent and location of heterochromatin, and the location and number of nucleolar organizers is lacking. A considerable body of early work on chromosome number variation was reviewed by White (1973) , who expressed reservations on whether it would be possible to determine 'modal numbers' for groups of organisms the higher one progresses in the systematic hierarchy. More specifically, he was of the view that 'to speak of a type number for the Insecta, the Vertebrata or even the Mammalia would be absurd' . However, recently, various computational approaches have been used to estimate the extent of rearrangement events and to derive the putative genomic architecture of ancestral genomes by inferring evolutionary histories from entire genomes. This has led to suggestions of ancestral syntenies and chromosomal complements-each progressively more distant in divergence-for amniotes (B310 million years ago, mya), tetrapods (B360 mya) and even vertebrates (B450 mya) (Postlethwait et al., 2000; Naruse et al., 2004; Woods et al., 2005; Kohn et al., 2006; Nakatani et al., 2007; Voss et al., 2011) .
Among vertebrates, phylogenomic investigations have focused principally on mammalian genome evolution, in large part reflecting the availability of chromosomal and genomic information for this clade. Extant mammals (represented by monotremes, marsupials and placental or eutherian mammals) last shared common ancestry nearly 162 mya (Hallström and Janke, 2010) . Modern eutherian taxonomic schemes recognize four superordinal clades (Afrotheria, Xenarthra, Laurasiatheria and Euarchontoglires) largely on the basis of phylogenetic analysis of both nuclear and mitochondrial DNA (Hallström and Janke, 2010 and references therein) and insertion sites of retroelements (Nishihara et al., 2005; Kriegs et al., 2006; Waters et al., 2007; Churakov et al., 2009) . Although it would appear that the terms 'Eutherian' and 'Boreoeutherian' have been used synonymously in comparative cytogenetic and phylogenomic studies, they do in fact represent different nodes. Eutheria refers to everything on the so-called 'eutherian' side of the 'metatherian'-'eutherian' dichotomy (that is, Afrotheria, Xenarthra, and Boreoeutheria, and all fossil relatives that are more closely related to this clade than to Marsupialia). Boreoeutheria on the other hand comprises Laurasiatheria (Waddell et al., 1999) and Euarchontoglires (Murphy et al., 2001a) . It is also more accurate to refer to the 'eutherian' ancestral karyotype as that of Placentalia as the data we have to infer this from are solely from placentals (all extant members of the last common ancestor to Atlantogenata (Afrotheria+Xenarthra) and Boreoeutheria; Asher and Helgen, (2010) )-a usage that we follow in this review.
Here we examine how molecular cytogenetics and the in silico analysis of genomic sequences have contributed to our understanding of mammalian chromosomal evolution and the identification of conserved genomic regions. Furthermore, we review and extend previous observations by providing new data on the presence of conserved syntenic segmental associations that track back to the origin of tetrapods.
CHROMOSOME NUMBER VARIATION IN VERTEBRATES
Chromosome number and the number of chromosomal arms are good summary statistics of karyotypic change and hence chromosomal evolution in groups of organisms. Although data on chromosome arm number variation (the nombre fondamental of Matthey (1945) , usually abbreviated to NF) are sparse, information on chromosome numbers across high-level taxonomic groups (mammals, birds, reptiles and amphibians) is extensive (Figure 1 ). Early lists of animal haploid (n) or diploid (2n) numbers (reviewed by White, 1973) included those on insects, crustaceans, fishes and, with respect to mammals, those of Hayman and Martin (1969) for marsupials and Matthey (1958) for placentals. Although these early attempts often suffered from poor taxon representation, they nonetheless permitted several general conclusions one of which was that the haploid number of most animal species lies between 6 and 24.
Since these early investigations, the biggest advances in determining chromosome numbers in deep branches of the vertebrate tree of life have, not surprisingly, resulted from the in silico scans of sequenced genomes. Genomic comparisons between human and teleost fish species (medaka, zebrafish and tetraodon) permitted hypothesized ancestral vertebrate genome configurations with n¼10-13 (Postlethwait et al., 2000; Naruse et al., 2004; Woods et al., 2005) . Detailed analyses of the likely amniote and tetrapod compositions followed (Khon et al., 2006; Nakatani et al., 2007) . These studies, based on data from human, chicken, zebrafish, medaka and pufferfish genomes (Khon et al., 2006) , were subsequently expanded (Nakatani et al., 2007) to include the Figure 1 Chromosomal number variation among vertebrates. The x axis indicates the diploid chromosomal number, whereas the y axis groups species in different orders. The data for each taxonomic group are based on 515 species of mammals, 117 species of birds, 170 reptiles and 328 amphibians. Chromosomal data extracted from O'Brien et al. (2006) and Gregory (2011) . A full color version of this figure is available at the Heredity journal online.
Chromosomal evolution A Ruiz-Herrera et al mouse, dog, tunicate (Ciona intestinalis) and sea urchin (Strongylocentrotus purpuratus). Khon et al. (2006) relied on 'E-painting'-the in silico identification of orthologous gene pairs to identify conserved genomic regions-whereas Nakatani et al. (2007) developed their own computational methodology to detect 'Ohnologs' (paralogs produced by two rounds of whole genome duplication) and thus conserved vertebrate linkage blocks. These studies, respectively, posit n¼18 for the tetrapod ancestor (using the teleost pufferfish as outgroup), and n¼26 for the amniote ancestor (using the pufferfish and medaka as outgroups).
The basal numbers retrieved by the various studies outlined above collectively permit inferences on the broader patterns of chromosome number changes across these groups. First, the low chromosome number suggested for the tetrapod ancestor increased to 26 in the amniote ancestor, most probably by multiple fissions. Previous attempts to reconstruct the ancestral tetrapod genome configuration (Kohn et al., 2006; Voss et al., 2011) have resulted in contradictory outcomes. Kohn et al., 2006 proposed an ancestral tetrapod karyotype with n¼18. On the other hand Voss et al. (2011) , who studied the Xenopus (n¼10) and Ambystoma (n¼14) as part of an investigation into ancestral tetrapod chromosomes, proposed a high but unspecified chromosome number mirroring those usually found in birds. Their hypothesis is based on the observation that phylogenetically derived lineages (such as Xenopus and Ambystoma) have fewer chromosomes, indicating a tendency to have reduced chromosome numbers in these lineages. In contrast, birds (represented here by chicken) and mammals (by platypus, opossum and 11 placental species) are characterized by markedly different modes of chromosome number evolution.
Aves
The predominant mode of genome reorganization in Aves is chromosomal fission. Avian karyotypes are composed of microchromosomes and macrochromosomes but contrary to non-avian reptiles, birds are characterized by high chromosomal numbers that range from n¼20 (or 21; see Nie et al., 2009 ) to n¼69 (De Smet, 1981 ; Figure 1 ). Descriptions of the ancestral avian karyotype are conventionally based only on macrochromosomes (Griffin et al., 2007; Nanda et al., 2011) and suggest that many of these have remained conserved within the group without disruption by interchromosomal rearrangements (reviewed in Ellegren, 2010) . In fact, Griffin et al. (2007) have argued that the ancestral avian karyotype was similar to that of chicken, with macrochromosomes 1, 2, 3, 4q, 5, 6, 7, 8, 9, 4p and Z representing the ancestral state for chromosomes 1-10+Z; chromosome 4 was regarded as the most ancient linkage group within this karyotype.
Mammalia
A different situation holds for Mammalia where significant variation in chromosomal number is observed among Monotremata, Marsupialia and the eutherian placental mammals (Placentalia; Figure 1 ).
The three extant species belonging to Monotremata all have high diploid chromosome numbers with platypus characterized by n¼26, and both the short-beaked and long-beaked echidnas having n¼32 . Although only one of these species was included in our analysis (the platypus, whose genome has been sequenced and is partially assembled), it is nonetheless clear that, as with Aves, fission events predominate in the karyotypic evolution of Monotrema.
Comprehensive cytogenetic studies on marsupials show that chromosomal numbers within the group range from n¼5 to n¼16 (Hayman, 1990) . Whereas the majority of the families have conserved karyotypes (mainly n¼7), the Macropodidae (kangaroos, wallabies and rat-kangaroos) shows evidence of more extreme chromosome reshuffling including fusion/fissions, inversions and centromere repositioning (O'Neill et al., 2004 and references therein). Among marsupials, the South American opossum (Monodelphis domestica) is the only marsupial for which pair-wise alignments with the human genome are possible. Recently Westerman et al. (2010) , using a combination of cytogenetics and sequence-based phylogenetics, have argued that the karyotype of the opossum (n¼9) is highly conserved in relation to those of Australian marsupials confirming previous hypotheses (Rens et al., 2001) . Monodelphis domestica groups within the basal Didelphimorphia (Nilsson et al., 2010; Westerman et al., 2010) and is thought to have undergone two fissions from the hypothesized marsupial ancestral karyotype of n¼7 (Rens et al., 2001) . If the marsupial ancestral estimate is correct (our small sample size precludes an estimate for Marsupialia given that only one fully sequenced genome is available), a dramatic decrease in chromosome number appears to have occurred in the marsupial lineage (presumably by serial fusion events) since its divergence from the mammalian common ancestor (with n¼23-see mammalian ancestral configuration discussed below) B138 mya (Hallström and Janke, 2010) .
The extremes in mammalian chromosome number occur in the species-rich Placentalia where these range from n¼3 in the female Indian muntjac to a high of n¼51 in the Red viscacha rat . There is also substantial variation among Orders (Figure 1 ) reflecting the complex dynamics of mammalian chromosomal evolution. Recent studies based on cross-species chromosome painting analyses have estimated an ancestral haploid chromosome number that ranges from 22 to 25 for Placentalia (Chowdhary et al., 1998; Froenicke et al., 2003; Richard et al., 2003; Yang et al., 2003; Svartman et al., 2004 Svartman et al., , 2006 Murphy et al., 2005; Ferguson-Smith and Trifonov, 2007) , with a consensus opinion settling on n¼23 (see Ferguson-Smith and Trifonov, 2007) . The rationale underpinning this, and the likely composition and uniqueness of the ancestral karyotype, as well as its correspondence with in silico-based studies of genome sequences, are discussed below.
ANCESTRAL PLACENTAL KARYOTYPES AND THE DETECTION OF SYNTENIES BASED ON FISH
Reconstructions of ancestral karyotypes across the placental mammalian tree rely heavily on molecular cytogenetic approaches that entail cross-species fluorescence in situ hybridization (Zoo-FISH; methodology reviewed by Rens et al., 2006) using human and chromosomespecific DNA sequences from other species as probes. This has allowed the identification of orthologous regions defined by their correspondence with human chromosomes, and the delimitation of chromosomal rearrangements among species. These conserved regions span entire chromosomes, chromosomal arms, or chromosomal segments in closely and distantly related placental species permitting the generation of large-scale comparative maps among taxa. In the present context, it is important to make the distinction between segmental associations (the adjacent syntenies of some terminologies) and syntenic blocks that are retained in toto among lineages. The detection of segmental associations such as 4q/8p/4pq, 3p/21, 14/15, 10p/12pq/ 22qt, 16q/19q, 7a/16p and 12qt/22q (each of which involve segments of human chromosomes that in combination correspond to complete chromosomes in the ancestral eutherian karyotype) in placentals, chicken and opossum was based on the evidence of the entire adjacent segment having been retained in representative genomes (Robinson and Ruiz-Herrera, 2008) . However, the incomplete nature of the genome assemblies of platypus and frog does not permit the same level of resolution. We consequently used the junction as the defining character of a particular conserved segmental association based on the premise that the independent assembly of a precisely shared association in different lineages was unlikely. Gene order within the abutting syntenic blocks may be altered by intrachromosomal rearrangement, and the size of these segments affected by subsequent translocation of parts to other regions of the genome (Robinson and Seiffert, 2004 ).
In most high-level reconstructions the identification of conserved syntenic blocks in multiple extant species (that is, commonality) was taken to reflect the retention of a shared ancestral evolutionary state leading to hypothesized ancestral karyotypes for Placentalia (Chowdhary et al., 1998; Richard et al., 2003; Yang et al., 2003; Svartman et al., 2004 Svartman et al., , 2006 Ferguson-Smith and Trifonov, 2007) and various orders of mammals, principally within Boreoeutheria. Reconstructions of the placental ancestral karyotype (PAK) have diploid numbers that vary from n¼22 to n¼25 (see Table 1 in Svartman et al., 2004) . The differences in interpretation are primarily related to the recognition of a single large chromosome (corresponding to HSA 1) in the placental ancestor (Murphy et al., 2003) , the detection of the 10q/12p/22q conserved syntenic segmental association , and fusion of HSA1/19p (Yang et al., 2003, n¼22 ) based on its presence in Afrotheria (aardvark, elephant, golden mole and elephant shrew), at the time regarded as the most basal split in the eutherian tree (Murphy et al., 2001a, b) . The more recent studies appear, however, to have converged on n¼23 for Placentalia (that is, the eutherian ancestral karyotypes of Froenicke et al., 2003; Wienberg, 2004; Ferguson-Smith and Trifonov, 2007) , and an identical n¼23 in the boreoeutherian ancestral karyotype (BAK; Froenicke, 2005; Froenicke et al., 2006; Robinson et al., 2006) .
The most definitive of the PAK constructs (Figure 2a ) benefited from the availability of genome sequence information from two important outgroup species, the opossum and chicken. This permitted the distinction between shared ancestral characters (symplesiomorphies) and those that are unique to the ingroup Placentalia (that is, showing shared derived similarity and referred to as synapomorphies) allowing firm conclusions on the evolutionary history of each (Robinson and Ruiz-Herrera, 2008 ). The PAK is considered to comprise two chromosome pairs (corresponding to human chromosomes 13 and 18) and three conserved chromosome segments (10q, 19p and 8q in the human karyotype) that are probable symplesiomorphies as they are also present as unaltered orthologues in one or both outgroup species. Seven additional syntenic segmental associations (4q/8p/4pq, 3p/21, 14/15, 10p/12pq/22qt, 16q/19q, 7a/16p and 12qt/22q), each involving human chromosomal segments from two or more human chromosomes, are also present in one or both outgroup taxa and are probable symplesiomorphies. Importantly, however, there are eight intact pairs (corresponding to human chromosomes 1, 5, 6, 9, 11, 17, 20 and the X) and three chromosomal segments (7b, 2p-q13 and 2q13-qter) that are derived characters, potentially consistent with placental monophyly. In summary therefore, the karyotype of the putative ancestor of Placentalia comprised 32 conserved segments (including the X) and nine syntenic segmental associations, several of which trace back to a common amniote ancestor (discussed below; Figures 2a and b) .
There is, at this point, no evidence to suggest that the boreoeutherian ancestral karyotype Robinson et al., 2006) underwent further modification from the hypothesized PAK (see above). The subsequent radiation of Boreoeutheria, however, showed extensive karyotypic modification in most lineages permitting hypothesized ancestral karyotypes for several orders of mammals, as well as the identification of syntenic segmental associations that underpin the monophyly of various supraordinal and ordinal groups Wienberg, 2004; Froenicke, 2005; FergusonSmith and Trifonov, 2007; Ruiz-Herrera and Robinson, 2007, among others) .
IN SILICO DETERMINATION OF THE ANCESTRAL BOREOEUTHERIAN KARYOTYPE AND EXTENT OF CONCORDANCE WITH THE CYTOGENETIC DATA
Advances from large-scale genome sequencing projects and the availability of new mathematical algorithms have revolutionized the study of chromosome evolution. The genomes of 35 mammalian species have been sequenced to differing degrees of completion (Ensembl database, version 59): 16 species of the Euarchontoglires (guinea pig, rat, mouse, rabbit, kangaroo rat, squirrel, tree shrew, tarsier, mouse lemur, bushbaby, marmoset, macaque, chimpanzee, orangutan, gorilla and human), 11 laurasiatherian representative (megabat, microbat, shrew, dolphin, pig, cow, alpaca, horse, dog, cat and hedgehog), three Afrotherian species (elephant, hyrax and tenrec), two xenathrans (sloth and armadillo), two species of Metatheria (wallaby and opossum) and the platypus as a prototherian representative. Of these, only the genomes of chimpanzee, rhesus macaque, orangutan, mouse, rat, cow, dog, horse and pig are sufficiently complete to allow pair-wise alignments with the human genome and the delimitation of syntenic blocks with a high degree of confidence.
Several sequenced-based reconstructions of the boreoeutherian ancestral karyotype have been attempted, often resulting in disparate outcomes compared with the findings suggested by FISH. In general terms, two different approaches can be distinguished when defining ancestral genomes in this way; (i) those that rely on the minimal number of rearrangements required to obtain the syntenies that lead to modern genomes (that is, MGR, Bourque and Pevzner, 2002) or (ii) models that focus on identifying conserved synteny blocks (Ma et al., 2006) . The former methodology was used in an early attempt at the reconstruction of a mammalian (but more correctly boreoeutherian) ancestral karyotype (human-rat-mouse) using the chicken as an outgroup . Although there is reasonable correspondence in the chromosome numbers suggested by MGR and cytogenetic data (n¼21, cf. the n¼23 posited by most chromosome painting strategies), the numbers of conserved segments and the numbers of syntenic associations were vastly different (Froenicke et al., 2006). The MGR approach resulted in only four syntenic segmental associations (3/21, 4/8, 12a/22a and 12b/22b) being in common with those suggested by molecular cytogenetics. The degree of concordance was improved by Murphy et al. (2005) , who used both genomic sequence data and information from radiation hybrid maps of eight species to obtain a more comprehensive view of the dynamics of genome organization in mammals. Their computational approach proposed an ancestral chromosome number of n¼24 and showed that 80% of the conserved segments are in common with those detected by molecular cytogenetic approaches. However, only half of the syntenic segmental associations (specifically 3/21, 4/8Â2, 7/16, 14/15, 12/22 and 16/19) were shared by both approaches . Although it could be argued that the difference in the numbers of conserved segments is a reflection of the increased discrimination of the DNA sequence comparisons, several of the in silico syntenies fall within the limits detectable by FISH leading Froenicke et al. (2006) to question the effectiveness of the computational methodology. Using a different approach, in this case inferring contiguous ancestral regions within the completed genomes of human, dog, rat and mouse with chicken and opossum as outgroups, Ma et al. (2006) posit an ancestral boreoeutherian karyotype with n¼29 but, importantly, with strong support for five of the ancestral syntenic segmental associations proposed by cytogenetic methods (4/8, 3/21, 14/15, 12/22Â2). Although there is consensus among the cytogenetic and computational approaches with respect to those conserved syntenies with strong probabilistic support (3/21, 4/8, 14/15, 12a/22a and 12b/22b), there are a meaningful number of ambiguous adjacent syntenies in conflict with the cytogenetic model (specifically 1/22, 5/19, 2/18, 1/10 and 2/20). This has led to the integration of available algorithms (Alekseyev and Pevzner, 2009) and to new methods of genome sequences analysis (Peng et al., 2009; Lin et al., 2010; Pham and Pevzner, 2010) . It is anticipated that these efforts may, in future, provide more consistency to ancestral reconstructions based on in silico analysis and the degree of correspondence to the boreoeutherian construct suggested by the molecular cytogenetic analysis of more than 100 taxonomically diverse mammalian species. Robinson and Ruiz-Herrera, 2008) , and the conserved segmental association should more correctly be referred to as HSA3p/21. (b) Phylogenetic tree showing syntenic segmental associations detected at each ancestral node: p, short arm; pq, segment comprises parts of both the short and long arms; q, long arm; qt, terminal portion of the q arm.
IN SILICO IDENTIFICATION OF SYNTENIC SEGMENTAL ASSOCIATIONS AT DEEPER NODES OF THE VERTEBRATE TREE
As Zoo-FISH across the eutherian/metatherian boundary has been unsuccessful (with the exception of a small portion of the X that is conserved between the two lineages, Glas et al., 1999) , there is a reliance on in silico methodologies to define the vertebrate protokaryotype, and to detect ancestral chromosomal syntenies that have been retained over deep diversification nodes. The recent publication (Hellsten et al., 2010) of the first amphibian genome to be sequenced-that of Xenopus tropicalis, a lineage that is thought to have diverged from amniotes B360 mya-offers an opportunity to revisit putative ancestral karyotypes and conserved syntenies (which indicate the likely structure of ancestral chromosomes), deep within the vertebrate tree of life.
We used the SyntenyTracker (Donthu et al., 2009 ) to establish homologous synteny blocks (HSBs) between human and the genomes of 12 mammalian species (chimpanzee, orangutan, rhesus macaque, mouse, rat, cow, dog, armadillo, elephant, tenrec, opossum and platypus) plus the chicken and the frog (see online appendix for details). Table 1 provides the number of genes analyzed for each species and the number of HSBs detected, whereas the composition of the HSBs in the three progressively distant taxa to Placentaliaopossum, platypus and the chicken-is presented in Figure 3 . Unfortunately, the draft frog genome is not assembled into chromosomes at this stage thus precluding the analysis of the whole karyotype and limiting our ability to unambiguously distinguish homologous and homoplasious syntenic associations between very distantly related species with potentially highly rearranged genomes (of which only portions can be traced in HSBs). The same shortcoming applies to platypus where several chromosomes remain unassembled (see below). The in silico chromosomal homologies identified by this approach permitted testing for PAK ancestral syntenic segmental associations at different phylogenetic levels (Figure 2b ). This also allowed us to revisit the ancestral amniote and tetrapods genome compositions suggested by Kohn et al. (2006) and Nakatani et al. (2007) using syntenies identified in the frog, chicken, platypus and opossum.
Mammalian ancestral configuration
Our scans of the opossum and chicken genomes, analyzed as part of attempts to define placental chromosomal characters that define the monophyly of the group (Robinson and Ruiz-Herrera, 2008) , revealed syntenic segmental associations (4q/8p/4pq, 3p/21, 14/15, 10p/12pq/ 22qt, 16q/19q, 7a/16p and 12qt/22q) that are shared with either (or, in some instances, both) opossum and chicken. No conserved human chromosomal segments were observed in the assembled platypus chromosomes (most probably because of low coverage of the annotated sequences). Nevertheless, there were several contigs (orthologous regions of small size, not yet assembled) that contained some of the syntenic segmental associations considered to be present in the PAK (Figure 2b ). These were 4q/8p (Ultracontig173), 12qter/22q (Ultracontig252), 7a/16p (Ultracontig371), 3p/21 (Ultracontig388), 12q/22q (Ultracontig443), 16q/19q (Ultracontig517) and 22q12/12q24.3 (Ultracontig57; Table 2 ). On the basis of these data (constrained as they are by the partially complete platypus genome), and the chromosome number estimates presented above, our data suggest that the mammalian ancestral karyotype likely resembled the PAK in terms of chromosome number (n¼23), and in the majority of the conserved syntenic segmental associations (only 10p/12pq/22qt and 14/15 were not detected in our scans of the platypus and the former has been regarded as a comparatively weakly supported ancestral chromosome form, see Froenicke et al., 2006) . More detailed correspondence between the PAK and the ancestral karyotype for Mammalia is clearly dependent on progress in assembling the platypus genome.
Amniote ancestral configuration
The frog is an appropriate outgroup for defining syntenic segmental associations present in the ancestral amniote karyotype. The X. tropicalis genome is estimated at B1.7 Gbp, distributed over 10 chromosomes or linkage groups (Hellsten et al., 2010) . Of this, 769 Mb has been placed onto 691 scaffolds using genetic markers. This paucity of information is further underscored by 200 Mbp being assigned to linkage groups based on inference but without genetic markers (Hellsten et al., 2010) , clearly necessitating further experimental studies. Despite this, our scans reveal that most of the ancestral placental syntenic segments are conserved in the frog genome (Figure 2b ). In particular, the syntenies 3p/21, 4pq/8p, 7a/16p, 14/15, 12qt/22q and 12pq/22qt are present in some of the Xenopus scaffolds; in contrast, there was no evidence of 4q/8p/4pq, 10p/12pq/ 22qt and 16q/19q (Table 2) .
Previous reports have attempted the description of the ancestral amniote genome (Nakatani et al., 2007; Ouangraoua et al., 2009 ) based on different taxon representation and methodological approaches. Nakatani et al., (2007) defined an ancestral amniote karyotype (AAK) comprising n¼26. According to the authors, the AAK would present the following ancestral syntenic segmental associations in its chromosomes (see (AAK 25) and 18/9/5 (AAK 26). Interestingly, the ancestral syntenic segments 10/12/ 22, 4/8 and 3/21 were not reported in the Nakatani et al. (2007) construct. It seems probable that the 4/8 and 3/21 are included in one or more of the unassigned blocks in Nakatani et al. (2007) given that they are present in chicken (Robinson and Ruiz-Herrera, 2008) and also frog (present study). More puzzling, however, is 10/12/22, which is not detected in chicken, nor in the frog genome, but is present in opossum and several placental mammals. We therefore view 10/12/22 as a chromosomal signature for Mammalia. Its absence in the platypus genome is due to the low coverage of the assembled sequences or, alternatively, to disruption in the lineage leading to Prototheria.
Tetrapod ancestral configuration
Our comparative genome analyses directed at establishing the likely composition of the tetrapod common ancestor are consistent with those of Kohn et al. (2006) with respect to the chromosomal number (n¼18) and six conserved syntenic segmental associations that it likely contained (that is, 3p/21, 4pq/8p, 7a/16p, 12q/22q, 12pq/22qter and 14/15). We differ with respect to the involvement of 1/19p and 16q/ 19q suggested in Kohn et al. (2006) . The inclusion of the former was based on its presence in Afrotheria (Yang et al., 2003) . Interestingly this synteny is not found in chicken, platypus, nor in opossum, but 1p manifests as 1p/19p and 1p/19q in different scaffolds of the frog genome. This suggests the existence of 1p, 19p and 19q as separate syntenies in the tetrapod ancestral complement, and their independent assembly in the lineage leading to the frog. The presence of 1p/19q in opossum would therefore represent a convergent change (homoplasy). We found no evidence of the synteny 16q/19q in any of the Xenopus scaffolds (Table 2 ). On the basis of these conclusions, and the published data, we hypothesize that of all the ancient syntenic segments identified, at least 3p/21, 4pq/8p, 7a/16p, 14/15, 12qt/22q and 12pq/22qt predate the divergence of tetrapods (Figure 2b ).
CLOSING COMMENTS AND FUTURE PROSPECTS
In this review we have examined how comparative molecular cytogenetic and computational approaches have contributed to the understanding of genome organization across deep divisions of the vertebrate tree of life. At first glance the diversity of karyotypes among extant species appears staggering. Placental mammals show a more pronounced and rapid rate of genomic reshuffling compared with birds and amphibians. It is clear from both Zoo-FISH and computational models of genome organization that the overwhelming pattern is, however, one of constrained change, most graphically illustrated by the high number of the conserved syntenies identified, and their retention in genomes of species from Boreoeutheria to Amphibia.
Superimposed on this conservative pattern are silos of rapid change where rearrangements have significantly altered the configuration and chromosome numbers of species, and this is most pronounced in Placentalia. Although reasons for these differences in tempo are still unclear, making this one of the most puzzling aspects of comparative cytogenetics, a burgeoning literature has identified regions at the junctions of synteny blocks that are rich in segmental duplications (Bailey and Eichler, 2006; Carbone et al., 2006; Kehrer-Sawatzki and Cooper, 2008) , repeat content (Kehrer-Sawatzki et al., 2005; RuizHerrera et al., 2006) and transposable elements (Bourque, 2009; Carbone et al., 2009; Delprat et al., 2009; Longo et al., 2009) , predisposing these regions to rearrangement. In addition, transposable element activity and changes in DNA methylation patterns have been suggested as having a causative role in the structural modification of genomes in species as diverse as marsupials, rodents and primates (O'Neill et al., 1998; Brown et al., 2002; Carbone et al., 2009) .
Although Robertsonian fusions and fissions appear frequently in studies of chromosomal rearrangement (as measured by changes in chromosome number), one of the most striking findings of comparative genomics is the high incidence of micro-inversions in the different genomes (Feuk et al., 2005; Lee et al., 2008; Zhao and Bourque, 2009 ). It may be that this largely undetected class of variation (inversions cannot be distinguished using whole chromosome painting, a data set that provides much of the basis for the recognition of ancestral constructs in Placentalia) functions as genomically localized barriers to recombination. In other words, the micro-inversions confer an adaptive advantage much in the same way as has been argued for speciation in the presence of gene flow (Rieseberg, 2001; Kirkpatrick and Barton, 2006; Butlin, 2010; Kirkpatrick, 2010 among others) .
What is clear, however, is that the increasing availability of fully sequenced genomes (Haussler et al., 2009) will radically alter the field. These data, and anticipated improvements in methods of analysis, will result in comprehensive data sets that address current imbalances (large number of species but poor resolution provided by Zoo-FISH analysis, and the small number of species but high resolution provided by computational approaches), and provide fundamental insights to the mode and tempo of structural change in genomes that are presently intractable in terms of FISH analysis.
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